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CONVERSION FACTORS

For readers who prefer to use metric units, conversion factors for terms 
used in this report are listed below.

Multiply inch-pound unit

acre
acre-foot
cubic foot
foot
foot per mile
gallon per day per foot
gallon per day per

square mile 
gallon per minute 
gallon per minute per

foot 
micromho per centimeter

at 25°Celsius 
mile
million gallons per day 
square foot per second 
square mile

0.4047
0.001233
0.02832
0.3048
0.1894
0.0124
0.00146

0.06308
0.2070

1.000

1.609
0.04381
0.09290
2.590

To obtain metric unit

hectare
cubic hectometer
cubic meter
meter
meter per kilometer
square meter per day
cubic meter per day
per square kilometer 

liter per second 
liter per second per
meter 

microsiemen per
centimeter at 25°Celsius 

kilometer
cubic meter per second 
square meter per second 
square kilometer

Temperature in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C) 
as follows: °F=1.8°C+32.

National Geodetic Vertical Datum of 1929 (NGVD of 1929): A geodetic datum 
derived from a general adjustment of the first-order level nets of both the 
United States and Canada, called NGVD of 1929, is referred to as sea level in 
the text of this report.
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GROUND-WATER RESOURCES OF AUDRAIN COUNTY, MISSOURI 

By L. F. Emmett and J. L. Imes

ABSTRACT

The deep aquifer in Audrain County has an average thickness of about 1,300 
feet and is composed of dolomite and minor quantitites of sandstone and 
limestone of Cambrian and Ordovician age. The deep aquifer is the source of 
water for all public-supply and irrigation wells in Audrain County. Yields 
range from 500 to 1,000 gallons per minute from wells open to the full thickness 
of the deep aquifer. The shallow (minor) aquifer ranges in thickness from 50 to 
280 feet and is composed of limestone, chert, and dolomite of Mississippian age. 
Well yields from the shallow aquifer generally are less than 15 gallons per 
minute.

The northernmost limit of freshwater in the deep aquifer generally 
coincides with the northern boundary of Audrain County. North and west of 
Audrain County water in the deep aquifer has a dissolved-solids concentration of 
more than 1,000 milligrams per liter and generally is a sodium chloride-type 
water. In Audrain County water in the deep aquifer has dissolved-solids 
concentrations ranging from 1,200 milligrams per liter in the north to less than 
400 milligrams per liter in the south and varies from a sodium bicarbonate to a 
calcium magnesium bicarbonate type.

By May 1979, pumpage from the deep aquifer had caused a decrease in 
hydraulic head of as much as 200 feet since 1900 in the vicinity of Mexico, 
Missouri. Calculations from a two-dimensional digital model of the deep aquifer 
indicate that the drawdown would increase 10 to 25 feet from May 1979 levels 
throughout most of Audrain County by May 2000 in the absence of irrigation 
pumpage and if public-supply wells continue to pump at the 1980 rate. If the 
additional stress due to seasonal irrigation is continued at 1980 pumping rates, 
60 ± 20 feet of drawdown is predicted by May 2000. Lowered water levels in the 
aquifer may allow water with a larger dissolved-solids concentration to move 
into the area.

Available hydrogeologic information for the deep aquifer does not permit an 
accurate evaluation of potential lateral saltwater encroachment. However, 
movement of water through the deep aquifer has been estimated at 5 to 15 feet 
per year near the freshwater-saltwater boundary in the northeast and northwest 
part of Audrain County. Vertical encroachment of more mineralized water 
possibly could occur by way of the underlying Bonneterre Formation and Lamotte 
Sandstone. An estimate of vertical encroachment rates cannot be made at this 
time because no hydraulic-head and water-quality data are available for the 
Bonneterre Formation and Lamotte Sandstone in this area.



INTRODUCTION

Two aquifers in Audrain County are the source of ground water for 
municipal, domestic, and farm use. The shallow aquifer is a 50- to 280-foot 
thick unit of limestone, chert, and dolomite of Mississippian age. Wells 
completed in the shallow aquifer generally yield less than 15 gallons per 
minute. The deep aquifer, composed of dolomite and minor quantities of 
sandstone and limestone of Cambrian and Ordovician age, has an average thickness 
of about 1,300 feet. The deep aquifer is the principal source of water for all 
public-supply and irrigation wells in the county. Yields of 1,000 gallons per 
minute can be obtained from wells open to the full thickness of the aquifer. 
Approximately 87 percent of the water used for public supply in Audrain County 
(2.1 million gallons per day) is withdrawn from the deep aquifer. Only the city 
of Vandalia is supplied from a surface-water source. The population served by 
public water supply has increased from about 16,400 during 1962 to about 19,500 
during 1980 (Missouri Division of Environmental Quality, 1962-80).

Irrigation wells in Audrain County range from 1,100 to 1,600 feet deep, and 
the wells are pumped at rates ranging from 500 to 1,000 gallons per minute. As 
of March 1981, there were 24 deep irrigation wells in the area. All the 
irrigation wells penetrate the deep aquifer and are open to the Gasconade 
Dolomite. Three wells are completed to the Potosi Dolomite.

The city of Mexico tapped the deep aquifer for its municipal water supply 
during the late 1800's. Municipal and industrial use of ground water from the 
deep aquifer increased to approximately 1.7 cubic feet per second (1.1 million 
gallons per day) by 1965, mostly due to ground-water use by the city of Mexico. 
The potentiometric surface of the aquifer decreased by about 75 to 100 feet in 
the vicinity of the city of Mexico by 1965. By 1979 ground-water use had 
increased to about 3.4 cubic feet per second (2.2 million gallons per day) and 
the maximum decline in the potentiometric surface was as much as 200 feet.

During the mid 1970's, farmers drilled irrigation wells to maintain crop 
production during periods of drought. The rate of well installation increased 
during late 1978 and early 1979. By summer 1979, 18 irrigation wells were 
completed and were being used in the county, primarily east and southeast of 
Mexico. To investigate the effect of the rapidly increasing demand on 
ground-water supplies in the deep aquifer, irrigation wells were monitored 
during 1979 and 1980. Measurements of hydraulic head before and after the 
irrigation seasons and pumping rates during the irrigation season provided 
valuable data on the response of the deep aquifer to the increased stress. 
During 1979 ground water was withdrawn from the deep aquifer at an annual rate 
264 percent larger than the 1965 rate, or about 6.2 cubic feet per second (4.1 
million gallons per day). The combined pumping rate for the 18 irrigation wells 
monitored during the 1979 irrigation season was 11 cubic feet per second (7.6 
million gallons per day) and the total pumpage for the estimated 92-day pumping 
season was 700 million gallons. Nonirrigation pumpage for the same 92-day 
period was 200 million gallons.

The northernmost limit of freshwater (water containing less than 1,000 
milligrams per liter of dissolved-solids) in the deep aquifer generally 
coincides with the northern boundary of Audrain County (fig. 1). North and west 
of Audrain County water in the deep aquifer has a dissolved-solids concentration 
greater than 1,000 milligrams per liter.
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Purpose and Scope

The purpose of this study is to determine the movement of ground water in 
Audrain County and assess the quantity and quality of ground water available for 
municipalities, industries, and cropland irrigation. This report focuses on the 
deep aquifer. The study area includes a broad region around Audrain County 
(fig. 1) because municipal pumpage in adjacent counties affect water levels in 
Audrain.

Records of water-level measurements reported since the early 1900's were 
compiled and analyzed to identify the historic and recent ground-water flow 
patterns. Water-level measurements were made in approximately 130 wells during 
the spring and fall of 1979 and 1980 to supplement existing data and identify 
changes in the ground-water flow pattern induced by irrigation pumpage.

Water samples obtained at municipal and irrigation wells were analyzed for 
selected inorganic chemical constituents. The pumping rates of irrigation wells 
in Audrain County were monitored for two irrigation seasons. These data, 
coupled with published and estimated pumpage for municipal wells, provide a 
picture of the changing pattern of water use in the Audrain County area.

A ground-water flow model was constructed to determine whether the recent 
introduction of irrigation wells in Audrain County and the subsequent large 
increase in ground-water pumpage will have an adverse effect on ground-water 
supplies from the deep aquifer. The model is extended south to the Missouri 
River to take advantage of the relatively simple hydraulic boundary of the river 
and to include the effect of municipal pumpage at cities in adjacent counties on 
the deep aquifer in Audrain County.

Location and Drainage

Audrain County is in the southern part of the glaciated region of 
northeastern Missouri and has an area of 692 square miles (4.429X10 acres). 
The topography is a slightly rolling upland with local relief less than 100 
feet.

About 70 percent of the county is drained to the north by tributaries of 
the Salt River, and about 20 percent of the eastern part of the county is 
drained by tributaries of the Cuivre River (fig. 2). Both drainage systems are 
tributary to the Mississippi River, which is about 36 miles east of the county. 
Streams in the extreme southern part of Audrain County (fig. 2) drain into the 
Missouri River 25 miles south of the county.

Previous Investigations

Gann and others (1971) presented a general summary of information 
concerning the availability, distribution, use, and quality of surface and 
ground water in northeastern Missouri.

Howe and others (1972) described the Cambrian strata from a core obtained 
from a 2,826-feet deep exploration hole in Audrain County. This test hole is 
important because it is the only recorded well that penetrates the entire 
Cambrian section in Audrain County.
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Imes (1984) has shown that, prior to extensive development of the deep 
aquifer, an eight-county region (including Audrain County) immediately north of 
the Missouri River contained a local freshwater-flow system independent of the 
regional saline-water flow system to the north. A north-trending potentiometric 
divide in the freshwater area of western Audrain County prevented the regional 
flow of saline water from entering the freshwater area. The saline water 
divided; some water flowed southwest to discharge into Chariton and southern 
Howard Counties adjacent to the Missouri River, and the remainder of the water 
flowed east into Illinois. Ground-water pumpage from the deep aquifer in 
Audrain and adjacent counties is modifying this historic flow pattern.
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Well-Location System

The location of the wells cited in this report is given according to the 
General Land Office Survey system in this order: Township, range, section, 
quarter section, quarter-quarter section, and quarter-quarter-quarter section 
(10-acre tract). The quarter subdivisions are designated A, B, C, and D in 
counterclockwise direction beginning in the northeast quarter. If several wells 
are in a 10-acre tract, they are numbered serially after the above letters and 
in the order in which they were inventoried (fig. 3).

The directions of townships and ranges are not used in numbering wells 
because all townships in the report area are north of the base line and all 
ranges are west of the principal meridian.

GEOLOGIC SETTING

Repeated glaciation during Pleistocene time covered Audrain County and the 
rest of northern Missouri with glacial drift consisting of clay, silt, sand, and 
gravel. The thickness of drift in Audrain County ranges from 0 to 135 feet. 
The Missouri River, in general, marks the southern limit of glaciation. The 
drift is thinnest along the streams, and in some stream channels the drift has 
been eroded exposing the underlying bedrock.

The glacial deposits in Audrain County are underlain by as much as 2,500 
feet of virtually flat-lying Paleozoic sedimentary rocks resting on the 
Precambrian basement (Howe and others, 1972). Generally, the bedrock 
immediately underlying the glacial drift is of Pennsylvanian age (fig. 4) and is 
predominately composed of shale, sandstone, and lesser quantities of silt and 
interbedded coal deposits. Well logs show the maximum recorded thickness of the 
Pennsylvanian rocks in Audrain County is 185 feet. In a few areas these rocks 
have been removed by erosion before glaciation, and the glacial deposits rest 
directly on rocks of Mississippian age (fig. 4).
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Rocks of Mississippian age are the oldest rocks exposed and are composed of 
limestone, cherty limestone, dolomite, and minor quantitites of shale. The 
Mississippian residuum (Burlington-Keokuk detrital zone) contains much residual 
chert embedded in a clay matrix. These rocks have a maximum thickness of 300 
feet.

Rocks of Devonian age, principally limestone with some sandstone and shale, 
range in thickness from less than 20 to more than 100 feet in Audrain County. 
The thickest deposits occur along a north-south line passing through the central 
part of the county.

Rocks of Late and Middle Ordovician age are present in order of increasing 
age as follows: The Maquoketa Shale is present only in the extreme northeast; 
the Kimmswick and Decorah Formations are present in the northeast one-third of 
the county; the Plattin Formation is present in the east one-half of the county; 
the Joachim Dolomite is present throughout the county, except in the extreme 
northwest; the St. Peter Sandstone and Everton Formation are present throughout 
the county, except locally where erosion has removed the deposits. Underlying 
the Everton Formation is a thick sequence of dolomitic rocks ranging from the 
shallowest Powell Dolomite to the deepest Derby-Doerun Dolomites. Although the 
lithology of this rock sequence is predominantly dolomitic, there are 
well-developed sand bodies in the Roubidoux Formation and Gasconade Dolomite 
(Gunter Sandstone Member), and chert and lesser quantities of sandstone in the 
Cotter Dolomite and Jefferson City Dolomite. Table 1, a generalized succession 
of stratigraphic units, and figure 5, a geologic section traversing 
west-to-east, clearly depict the stratigraphic relationship of these formations 
in Audrain County.

No producing wells in Audrain County penetrate formations below the 
Cambrian Derby-Doerun Dolomite. However, a test hole 2,826 feet deep was 
drilled by the St. Joe Lead Company in southeast Audrain County, T. 50, R. 7, 
sec. 6, and the Cambrian formations penetrated have been described by Howe and 
others (1972). The top of the Davis Formation was reached at 1,815 feet below 
land surface. The Davis Formation is 160 feet thick and is composed of 
"***repeated sequences of furrowed silty to sandy shale and slabby impure 
limestone or dolostone that are terminated by the development of irregular zones 
of mud-chip breccia***." (Howe and others, 1972, p. 13). Underlying the Davis 
Formation are 325 feet of the Bonneterre Formation composed of predominantly 
oolitic limestone and dolomite. The upper 33 feet immediately underlying the 
Davis Formation consist of shaly to silty dolomite and siltstone. Underlying the 
base of the Bonneterre Formation at 2,300 feet below land surface are 245 feet 
of Lamotte Sandstone composed of medium- to coarse-grained sand with pebbly 
zones. The altitude of the top of the Precambrian was reached at 2,545 feet 
below land surface. Kisvarsanyi (1975) described the Precambrian rock from this 
hole as being norite with granite dikes.

The structural attitude of the lowermost Ordovician rocks in and near 
Audrain County is shown in figure 6. The Ozark uplift in southeast Missouri 
controls the structural attitude of the lowermost Paleozoic rocks throughout the 
State. The uplift has caused the rocks to dip away in all directions from an 
area around St. Francois, Iron, and Madison Counties. The effect of the uplift 
on the regional dip and strike in northeast Missouri is shown in figure 6.
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In Audrain County the attitude of the Paleozoic rocks is also affected by 
two northwest-trending anticlines. The larger of these two structures is the 
Lincoln fold, which extends northwest from the Cap au Gres fault through 
Lincoln, Pike, Rails, Monroe, Shelby, and Knox Counties. The other structure 
affecting the attitude of the Paleozoic rocks is the Brown Station anticline 
that crosses northern Boone County. The manner in which these anticlines affect 
the geologic structure in and around Audrain County is shown by geologic section 
and structural contour maps presented by Imes (1984). Audrain County is 
situated in the trough between the anticlines. Middle Ordovician rocks underlie 
the county at an altitude of 300 feet in the northwest to 500 feet in the 
southwest and east. Generally, the dip of Middle Ordovician rocks into the 
syncline in northeast Audrain County is about 8 to 10 feet per mile. For more 
discussion of structural features in Missouri the reader is referred to 
McCracken (1971).

GROUND WATER IN AUDRAIN COUNTY 

Description of Aquifers and Confining Beds

In Audrain County there are two aquifers of regional extent. The less 
productive aquifer consists of limestone, dolomite, and chert of Mississippian 
age and is called the shallow aquifer (table 1) in this report. The more 
productive aquifer, called the deep aquifer in this report, consists of 
Ordovician and Cambrian formations below the Maquoketa Shale and above the Davis 
Formation (table 1).

Shallow Aquifer

The shallow aquifer consists of sedimentary rocks of Mississippian age 
(table 1), specifically the Burlington-Keokuk Limestones of the Osagean Series 
and the Chouteau Group of the Kinderhookian Series. The Burlington-Keokuk is 
present throughout Audrain County and most of the modeled area (fig. 1), except 
where the older underlying formations crop out along the Missouri River. In 
Audrain County the Osagean Series lies beneath Pennsylvanian limestone and shale 
ranging from 0 to 185 feet thick. In the north-central part of the county, 
Osagean strata have been exposed along tributaries of the Salt River by erosion 
(fig. 4). In the extreme southwestern corner of the county, Pennsylvanian rocks 
were removed from atop a small anticline (Davis Creek) by erosion and 
subsequently replaced by surficial deposits of glaical drift, which cover the 
entire county (figs. 4 and 6). The Burlington-Keokuk Limestones contain minor 
quantities of dolomite and a large percentage of imbedded chert nodules. The 
network of extensive fractures and well-developed solution channels found 
throughout this limestone make it the most important water-yielding formation in 
the shallow aquifer. The altitude of the top of the Burlington-Keokuk (fig. 7) 
is greatest in the extreme southwest corner of Audrain County, where it exceeds 
850 feet, and least in the extreme southeast corner at 500 feet. Generally, the 
lower altitudes occur along a trough extending from the southeast corner 
westward to Mexico and in the vicinity of Farber. The thickness of the 
Burlington-Keokuk (fig. 8) ranges from 205 feet in the northwest to 10 feet in 
the east-central part of the county. The majority of area where the formation 
is less than 50 feet thick lies in five of the easternmost townships. The 
Chouteau Group contains a much smaller percentage of chert and less 
well-developed system of fractures and solution channels than the 
Burlington-Keokuk Limestones.

11



Older domestic and stock-supply wells commonly were completed in the 
shallow aquifer and yield 10 to 15 gallons per minute. Even many modern 
domestic and stock-supply wells that penetrate the upper part of the deep 
aquifer are constructed so that they also are open to the shallow aquifer. 
However, public-supply and irrigation wells, all of which are completed in the 
deep aquifer, generally are constructed so that the shallow aquifer is cased 
out. Casing out the shallow aquifer in these large-capacity wells prevents 
dewatering of nearby wells that may be completed in the shallow aquifer. Water 
in the shallow aquifer is under confined conditions where the aquifer is 
overlain by thick Pennsylvanian shale. Elsewhere leaky artesian conditions 
prevail.

Upper Confining Layer

Shale and limestone, ranging in age from Upper Ordovician to Lower 
Mississippi an impede the downward movement of water from the shallow to the deep 
aquifer (table 1). The Mississippian and Devonian shales are in contact and 
comprise the upper part of the confining layer. The Maquoketa Shale, which 
exists only in the extreme northeast corner of the model area, is separated from 
the other shale units by Devonian limestone. Area! distribution and composite 
thickness of the shale formations within the confining layer are shown in figure 
9. The shale units that contribute to the composite thickness are the Hannibal 
Formation (Mississippian), shale of Late Devonian age, and the Maquoketa Shale 
(Ordovician). In Audrain County the composite shales are thickest 
(approximately 120 feet) in the extreme northwest where the Maquoketa Shale is 
present. The shale beds thin quickly to the southwest so that throughout 95 
percent of the county the thickness of the composite shales is less than 30 
feet. Shale is absent from the confining layer through a wide area in the 
southeastern part of the county (fig. 9). This area represents about 35 percent 
of the county. In the model area, about 45 percent of the confining layer has 
few or no shale confining beds.

Comparison of the water levels in the shallow and deep aquifers and 
preliminary modeling efforts show that confining beds separate the shallow and 
deep aquifer, even in the region not underlain by the shale units. Evidence 
from selected well logs north of the model area (Imes, 1984) and from generally 
accepted information throughout the model area (Gann and others, 1971) indicates 
that Devonian limestone may be included as a confining bed in addition to the 
more significant shales. The limestone attains a maximum thickness in Audrain 
County of about 100 feet in the north-central, south-central, and southwest 
parts of the county (fig. 10). The southernmost areas of maximum thickness of 
these relatively impermeable limestones lie within the area devoid of shale 
confining beds.

Deep Aquifer

The deep aquifer includes formations that are predominately dolomite or 
cherty dolomite and, with the exception of the St. Peter Sandstone, contains only 
minor quantities of sandstone. The composite thickness of the formations 
composing the deep aquifer, figure 11, ranges from 1,000 feet in western Audrain 
County to a maximum thickness of about 1,600 feet in the east. The maximum 
thickness occurs along a northwest-trending synclinal axis, parallel to the 
Lincoln fold anticline to the northeast, and the Browns Station anticline to the 
southwest of Audrain County. The aquifer is thinnest in the model area atop the 
Browns Station anticline in Callaway County (fig. 6).
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Data are insufficient to quantitatively describe the relative productivity 
and hydraulic heads of the various formations within the deep aquifer, but some 
general statements can be made. The more productive formations in the deep 
aquifer (table 1), in order of increasing yields, are the St. Peter Sandstone, 
Roubidoux Formation, Gasconade Dolomite, Eminence Dolomite, and Potosi Dolomite. 
North of Audrain County, where the Maquoketa Shale is absent, there is evidence 
from drillers' logs that the first occurrence of water below the impermeable 
Hannibal Formation and Upper Devonian shale is in the Kimmswick Formation (Imes, 
1984). Thus the Kimmswick is assumed to be the top of the deep aquifer in this 
region. In Audrain County the Kimmswick is separated from the productive St. 
Peter Sandstone by one or more of the Decorah Formation, Plattin Formation, and 
Joachim Dolomite (see "Geologic Setting"). Southeast of Audrain County, 
outside the model area, the Decorah Formation consists of a relatively uniform 
layer (about 20-30 feet thick) of shale. The formation thins to the west and 
northwest and becomes predominantly limestone or dolomitic limestone. Only in 
the extreme northwest corner of Audrain County does the Decorah contain 
significant quantitites of shale. The Plattin Formation is a dolomitic 
limestone within Audrain County and the Joachim Dolomite is primarily dolomite 
with varying quantities of limestone, chert, and sandstone. Although the Decorah 
and Plattin Formations and the Joachim Dolomite are less permeable than the 
Kimmswick Formation and St. Peter Sandstone, they probably contribute small 
quantitites of water to the aquifer.

The Everton Formation, a sandstone and dolomite occasionally containing 
significant quantities of shale, produces little water and may locally be a 
semi permeable barrier to the vertical movement of water within the aquifer. No 
hydraulic-head data are available to confirm or deny this speculation. It is 
unlikely that the Everton is a confining bed.

The uppermost formation in the deep aquifer ranges from the younger 
Kimmswick Formation in the east to the Everton Formation in the west (fig. 12). 
Generally, the top of the aquifer is older where Ordovician strata were uplifted 
along the Browns Station anticline and subsequently eroded, and younger where 
the sedimentary rocks dip into the northwest-trending syncline in eastern 
Audrain County (Imes, 1984).

The Lower Ordovician formations are similar in lithology, the dominant rock 
type being dolomite. Generally, small quantitites of shale, which may impede 
the movement of water, are interbedded in the Powell and Cotter Dolomites. 
These formations usually do not yield significant volumes of water. The 
underlying Jefferson City Dolomite, Roubidoux Formation, and Gasconade Dolomite 
are characterized by an increase in the quantity of sandstone. The Gasconade 
contains a hydrologically important unit, the Gunter Sandstone Member. Yields 
to wells are better in these formations than in the overlying Powell and Cotter 
Dolomites.

The Eminence and Potosi Dolomites of Late Cambrian age are the largest 
contributors of water from the aquifer. Both are composed of massive, 
medium-grained dolomites that have well-developed solution channels. Yields in 
excess of 1,000 gallons per minute have been attained by wells that penetrate 
these formations. The underlying Derby-Doerun Dolomite, a thick medium-grained
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dolomite formation, is not penetrated by wells in Audrain County. The formation 
is relatively unimportant as an aquifer near its outcrop area south of the 
Missouri River. However, the dolomite is interbedded with siltstone and shale 
in that region, whereas in northern Missouri it appears to be primarily dolomite 
with occasional sandstone.

The newer stock-and domestic-supply wells generally are completed in the 
St. Peter Sandstone or sometimes in the Cotter-Jefferson City Dolomites. A few 
of the older public-supply wells in small towns are completed in the St. Peter 
Sandstone. Small towns in the area now have wells that penetrate the Roubidoux 
Formation. For example, Martinsburg, Rush Hill, Laddonia, and Farber are served 
by wells that are completed in the Roubidoux Formation. Mexico, the largest 
city in Audrain County, has three wells open to the Gasconade Dolomite. Two of 
these wells are completed in the Eminence Dolomite.

Lower Confining Layer

The deep aquifer is underlain by the Davis Formation that dips from a 
maximum altitude of -500 feet in southwest Audrain County to -1,100 feet in the 
northeast (fig. 13). The dip and strike are controlled by the Browns Station 
anticline, the Lincoln fold anticline, and the intervening syncline. The Davis 
Formation is considered to be the lower confining bed of the deep aquifer 
because of the relatively large quantities of siltstone and shale it contains. 
The Davis separates the deep aquifer from the underlying Bonneterre Formation 
and Lamotte Sandstone.

Description of the Ground-Water Flow System 

Predevelopment Conditions

Historically, little ground water entered Audrain County by horizontal flow 
through the shallow aquifer; instead, freshwater recharged the aquifer by 
downward leakage through overlying Pennsylvanian formations and glacial drift, 
then exited the county by lateral flow through the shallow aquifer or leaked 
downward into the deep aquifer. Recharge through the Pennsylvanian strata, 
which are locally in excess of 100 feet thick in the county, is greatly impeded 
by the large fraction of clay and shale in these deposits. However, at several 
places in Audrain County the Pennsylvanian overburden has been breached by 
erosion, allowing deposits of glacial drift and soil to contact the shallow 
aquifer (see fig. 4). In southwestern Audrain County, Pennsylvanian rocks were 
eroded from atop an anticline. This eroded area also is coincident with the 
region of greatest land-surface elevation in the county. Hydraulic heads 
measured in wells open to the shallow aquifer depict a mound in the aquifer's 
predevelopment potentiometric surface located in southwestern Audrain County 
(fig. 14). The mound is a reflection of the higher land surface and greater 
quantity of recharge received by the aquifer in the area devoid of Pennsylvanian 
rocks.

The direction of movement of water in an aquifer can be determined from a 
potentiometric map. In an isotropic aquifer, water moves in a direction that is 
at right angles to contours depicting the configuration of the potentiometric 
surface and in the direction of decreasing hydraulic head. The potentiometric 
surface displayed in figure 14 shows three distinct subregions of ground-water
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flow in Audrain County, separated by ground-water divides. In the extreme west 
and southwest parts of the county, ground water flowed westward in the shallow 
aquifer. In the central and north-central parts of the county, ground-water 
flow converged toward an area in northern Audrain County where southern 
tributaries of the Salt River have eroded Pennsylvanian rocks and are in contact 
with the Mississippian shallow aquifer (see fig. 4). Water in the shallow 
aquifer probably discharged along these tributaries or flowed farther north to 
discharge into the Salt River. Ground-water flow in the east and southeast part 
of the county was to the southeast.

Hydraulic-head difference between the shallow and deep aquifers, the 
configuration of the predevelopment potentiometric surface of the deep aquifer, 
and the presence of freshwater in the deep aquifer indicate that the principal 
recharge to the deep aquifer in Audrain County was derived from downward 
leakage. In Audrain County the hydraulic head in the shallow aquifer was as 
much as 150 feet higher than the hydraulic head in the deep aquifer. An 
analysis of the regional ground-water flow in northeastern Missouri shows that 
the area between the northern boundary of Audrain County and the Missouri River 
was a separate flow system from the regional saline-water flow system to the 
north (Imes, 1984). Apparently, little or no ground water, saline or fresh, 
passed into Audrain County through horizontal flow in the deep aquifer. The 
prepumping potentiometric surface of the deep aquifer (fig. 15) was mapped using 
water-level measurements obtained during the early stages of the development of 
the deep aquifer as a ground-water source. The water levels are from wells that 
penetrate the aquifer to different depths and were measured at various dates, 
but are believed to adequately represent the predevelopment hydraulic heads. A 
ground-water divide was present in western Audrain County before the development 
of ground-water wells at Mexico. On the west side of the divide, ground-water 
movement was toward the southwest; on the east side of the divide, ground-water 
movement was toward the east.

Postdevelopment Conditions

The volume of water withdrawn from the shallow aquifer since the turn of 
the century is unknown, but is undoubtedly quite small relative to that pumped 
from the deep aquifer. The shallow aquifer has been used primarily as a source 
of domestic water supply. Water levels measured in the late 1970's show that 
potentiometric heads in the shallow aquifer have changed little during this 
century. The measurements also show that water levels in the shallow aquifer do 
not fluctuate seasonally in phase with irrigation pumpage from the deep aquifer. 
It is evident that hydrologically the shallow aquifer is weakly connected to the 
deep aquifer in Audrain County even in the areas devoid of shale confining 
layer.

The deep aquifer was first tapped for its freshwater during the late 
1800's by the city of Mexico. The deep aquifer has become the major source of 
water for irrigation and public supply in Audrain County. By 1980 water being 
withdrawn from the deep aquifer for public supply in Audrain County averaged 
about 2.1 million gallons per day, or 2,372 acre-feet per year (Missouri 
Division of Environmental Quality, 1980). The city of Mexico now accounts for 
more than 90 percent of the water pumped for public supply in Audrain County. 
The first deep irrigation wells were drilled during the mid-1970's as farmers

15



attempted to increase their crop yields. Most of the irrigation wells have been 
drilled since 1978 and only a few were operating before the summer of 1979. 
During 1979 an estimated 2,500 acre-feet of water was pumped from the deep 
aquifer for irrigation in Audrain County. During 1980 the quantity of water 
pumped for irrigation increased to 2,660 acre-feet.

The locations of wells that have been completed in formations of the deep 
aquifer are shown in figure 16. The measured and estimated pumping rates for 
these wells presented in table 2 (public-supply and industrial wells) and table 
3 (irrigation wells). Each well or well field listed in table 2 and table 3 is 
identified by a well number that locates the well on figure 16.

Average annual pumping rates for municipal, industrial, and irrigation 
wells for 1900 to 1980 were estimated from several sources. Data for the first 
60 years were calculated from published census figures and an estimated per 
capita use. During 1962 the Missouri Division of Environmental Quality began to 
publish pumping rates for all public water supplies at 2- to 3-year intervals. 
The rate of ground-water withdrawal from the aquifer during 1960 to 1980 was 
estimated by averaging data from these intermittent records for 5-year periods. 
Most of the irrigation wells were installed during or after 1978 and were not 
used until 1979. Average pumping rates for the irrigation wells were obtained 
from onsite surveys during the 1979 and 1980 irrigation seasons. Pumping time 
for each irrigation well was determined from a combination of irrigation records 
and the use of vibration timers at most installations. The average rate of flow 
from each well was determined by periodically measuring the volume of ground 
water pumped at each site with a Clampitron flowmeter and prorating the total 
pumpage (average rate of flow times length of pumping period) through the 
June-August irrigation season.

During past years ground-water withdrawal for public supply has changed the 
configuration of the potent!ometric surface. A comparison of the measured 
prepumping potentiometric surface of the deep aquifer (see fig. 15) with the 
measured potentiometric surface of the deep aquifer at the end of May 1979 (fig. 
17) shows the extent to which public-supply and industrial pumpage has affected 
the aquifer since 1900. The historic potentiometric surface has been altered so 
that saline ground water in the deep aquifer north of Audrain County now flows 
south and southeast toward the cones of depression formed by pumpage from 
public-supply wells at Mexico and Centralia. Similarly, water that formerly 
exited Audrain County to the southwest and southeast is now diverted to 
Centralia and Mexico.

The direction of ground-water movement remains virtually the same during 
irrigation in western and central Audrain County, but small cones of depression 
form around the cluster of irrigation wells in the southeast. A potentiometric 
map based on measurements made shortly after the irrigation season during 
October 1979 is shown in figure 18. Water levels at Mexico declined by about 
100 feet from May to October. In southeastern Audrain County, irrigation 
pumpage decreased water levels as much as 75 feet. By May 1980, the water 
levels in the irrigation wells had largely recovered (fig. 19). Although water 
levels at Mexico recovered to some extent, they still did not rise to 
pre-irrigation levels. A potentiometric map prepared from measurements made at

The use of the brand names in this report is for identification purposes 
only and does not constitute endorsement by the U.S. Geological Survey.
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the end of 1980 irrigation season (fig. 20) shows the combined effects of 
ground-water withdrawal by public-supply and irrigation wells for September 
1980. Water levels in Audrain County are lowest along a line between Mexico and 
the concentration of heavily pumped irrigation wells in the northeast corner of 
T. 50., R. 7. Water levels in the irrigated area show a maximum net decline of 
100 feet from the prepumping water levels.

Estimates of Recharge, Discharge, and Lateral Flow Rates of Ground Water
Under Predevelopment Conditions

A rough estimate of the recharge to, discharge from, and lateral flow 
through the shallow and deep aquifers in Audrain County prior to development was 
calculated. This was accomplished by using hydraulic gradient and head data 
interpolated from the predevelopment potentiometric surface maps of the shallow 
and deep aquifers (see figs. 14 and 15), estimates of leakage coefficients for 
the shale and limestone upper confining bed, and an estimate of the hydraulic 
conductivity of the shallow and deep aquifer. Virtually all the ground water 
that entered the shallow aquifer under predevelopment conditions was by leakage 
through the overlying Pennsylvanian strata and glacial drift deposits; the 
ground water then exited Audrain County by flow through the shallow aquifer or 
leaked to the deep aquifer. The water budget for. the shallow aquifer can be 
written:

where R is the rate at which water recharges the shallow aquifer through
o

o i
overburden (L T ); 

D is the rate at which water exits the county by horizontal flow
O 1

through the shallow aquifer (L T" ); and 

L . is the rate at which water leaks from the shallow aquifer to
O 1

the deep aquifer (L T~ ).

For convenience, the digital ground-water flow model grid was used to calculate 
the net flow rate of water from Audrain County by summing flow rates between 
neighboring cells across the county boundary:

(2)

Ds - K (Ai I?)
1 l

where K is the shallow aquifer hydraulic conductivity (LT );

A. -is the cross-sectional area of the ith flow path at the county
2 boundary (L ); and

I. .is the hydraulic gradient across the county boundary along the ith

flow path (dimensionless).
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The hydraulic conductivity of the shallow aquifer was estimated to be about 
1.0X10" feet per second (or about one-tenth the hydraulic conductivity of the 
deep aquifer) based on comparison of the relative yields and thickness of the 
two aquifers. This estimate is supported by estimates of transmissivity derived 
from specific-capacity measurements of several wells in Audrain County that are 
completed to the base of the shallow aquifer. All the measured specific 
capacities are about 0.1 gallon per rainute per foot of drawdown, which 
translates to a transmissivity of 3.1X10" square feet per second, assuming the 
rule-of-thumb relationship of 1 gallon per minute per foot of drawdown is 
approximately 2,000 gallons per day per foot_^Walton, 1970, p. 314). Thus the 
hydraulic conductivity is estimated at 1.5X10" feet per second using an average 
saturated thickness of 200 feet for the shallow aquifer. The total discharge of 
ground water from Audrain County through the shallow aquifer is estimated to 
have been 0.1 cubic foot per second.

The total leakage through the upper confining bed into the deep aquifer was 
obtained by first determining the effective confining-bed vertical hydraulic 
conductivity, then summing the volumetric leakagefpr each of the 506 model grid 
cells within Audrain County. A value of 7.7X10" feet per second was chosen 
for the vertical hydraulic conductivity of the shale confining beds. This value 
was presented by Walton (1960, 1965) for the vertical permeability of the 
Maquoketa Shale in northeastern Illinois. The limestone formations were assumed 
to have a vertical hydraulic conductivity of 7.7X10" feet per second, 10 times 
more permeable than the Maquoketa. This value lies within the range of 
conductivities given by Freeze and Cherry (1979) for limestone. The total 
vertical leakage for Audrain County was computed to have been 2.4 cubic feet 
per second; the actual leakage rate at any specific location depends on the 
leakage coefficient and hydraulic gradient across the confining bed at that 
point.

The total recharge to the shallow aquifer determined from the water budget 
(eq. 1) is 2.5 cubic feet per_;s-econd, which is equivalent to an area! recharge 
rate of approximately 1.3X10" feet per second (2,235 gallons per day per 
square mile). At present (1984) there are no independent measurements or 
studies that verify or contradict this estimate. Of the water that recharged 
the shallow aquifer through overlying strata, 4 percent left Audrain County via 
the shallow aquifer under predevelopment conditions and 96 percent leaked 
downward into the deep aquifer. The estimated rate of recharge to the shallow 
aquifer through the Pennsylvanian and glacial drift overburden indicates that 
these overlying strata generally have small permeability, similar to the upper 
confining bed.

The rate of movement of ground water out of Audrain County via the deep 
aquifer was estimated from contoured predevelopment hydraulic-head data and a 
value for the hydraulic conductivity of the deep aquifer (1.5X10" feet per 
second) estimated from a 24-hour single-well aquifer test in eastern Audrain 
County (unpublished data, 1980, U.S. Geological Survey, Roll a, Mo.). Again, for 
convenience, the model grid was used to calculate flow between grid cells across 
the county boundaries and the individual flow rates were summed to attain the 
resultant flow. The net flow out of the county was calculated to have been 2.0 
cubic feet per second.
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No hydraulic head measurements are available for formations below the lower 
confining bed; therefore, the historic direction of ground-water flow across the 
confining bed cannot be determined from field measurements. It is possible, 
however, to use the previous water-budget calculations to determine the probable 
direction of this flow and to estimate a probable range of vertical hydraulic 
conductivities appropriate for the lower confining layer. Flow into the deep 
aquifer through the upper confining layer was estimated at 2.4 cubic feet per 
second for the entire county and the net flow out of the county laterally 
through the deep aquifer was estimated at 2.0 cubic feet per second. Thus in 
the absence of sources or sinks, which are not present under steady-state 
predevelopment conditions, 0.4 cubic foot per second of water was leaking 
vertically downward from the deep aquifer, through the lower confining layer, 
into the Bonneterre Formation and Lamotte Sandstone.

An estimate of the vertical hydraulic conductivity of the lower confining 
layer can be made by applying Darcy's Law to ground-water flow through the 
layer:

where Q is the volumetric flow rate of water through the confining layer

K 1 is the vertical hydraulic conductivity (LT~ );
2 A is the cross-section area of the flow path (L ); and

I is the hydraulic gradient across the confining layer (dimensionless).

The leakage rate of 0.4 cubic foot per second is a total rate for Audrain County 
(A = 692 square miles). Because the Davis Formation is thought to be 
conformable with the Bonneterre Formation and Derby-Doerun Dolomite, it is 
assumed that the thickness of 160 feet (table 1) obtained from the penetration 
of the Davis by a single well in Audrain County is representative of its 
thickness throughout the county. Thus, assuming a potent iometric difference of 
10 to 100 feet across the lower confining layer (not unreasonable in light of 
hydraulic-head differences supported by the Davis Formation in southeast 
Missouri) the vertical hydraulic conductivity of the Davis Formation is 
estimated at 1X10" IU to 1X10" n feet per second.

DIGITAL MODEL OF THE DEEP AQUIFER

The potentiometric surface of the deep aquifer was simulated using a 
two-dimensional finite-difference model developed by Finder (1970) and modified 
by Trescott and others (1976).

Because no hydraulic-head data are available for formations beneath the 
lower confining bed and because water-level measurements from wells completed in 
the shallow aquifer show virtually no variation during the irrigation season, 
indicating a weak hydraulic connection between the shallow and deep aquifer, it 
was determined that a three-dimensional model was neither practical nor 
necessary for the purpose of this study. The weak hydraulic connection and the 
small volume of ground-water pumpage from the shallow aquifer relative to
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pumpage from the deep aquifer has allowed the potentiometric surface of the 
shallow aquifer to remain relatively stable at the altitude of its prepumping 
configuration. Leakage through the upper confining bed is assumed proportional 
to the difference between fixed potentiometric heads in the shallow aquifer and 
simulated potentiometric heads in the deep aquifer.

Most irrigation, municipal, and industrial wells in and near Audrain County 
withdraw water from the deep aquifer because yields are much larger than from 
the shallow aquifer. Deep wells in Audrain County generally are open to a range 
of formations in the deep aquifer rather than a specific producing unit and 
occasionally are not cased to the upper confining bed; therefore, available data 
cannot be used to distinguish between horizontal and vertical hydraulic-head 
variations in the deep aquifer. The water-level measurements are assumed to 
represent the hydraulic head as if the wells were fully penetrating the deep 
aquifer. All changes in hydraulic heads from one well to another are assumed to 
be entirely due to horizontal variations of head within the aquifer.

Although the model was developed to investigate the ground-water resources 
of Audrain County, especially the effect of recent irrigation pumpage on the 
deep aquifer, the areal extent of the model has been expanded southward to the 
Missouri River (see fig. 1). This expansion permits the southern border of the 
model to be a relatively simple constant-head boundary condition based on the 
average stage of the Missouri River. It also places the major pumping centers 
of Columbia and Fulton interior to the model, thus eliminating the need for 
complex time-varying boundary conditions near the region of interest.

The model is calibrated to the predevelopment steady-state potentiometric 
surface of the deep aquifer and to transient potentiometric surfaces before and 
after the 1979 and 1980 irrigation seasons. During the calibration process the 
physical properties of the deep aquifer (horizontal hydraulic conductivity, 
storage coefficient, and specific yield) and the upper confining bed (vertical 
hydraulic conductivity) are adjusted to provide a better agreement between 
observed and simulated heads. The model is then used to project the probable 
consequences of continued ground-water withdrawal from the deep aquifer.

The model area is subdivided by a variable grid (fig. 21) containing 1,480 
grid cells (37 rows by 40 columns). The cells range in size from 0.62 to 33.6 
square miles; the smaller cells are located around the city of Mexico in central 
Audrain County. The cells become progressively larger toward the model 
boundaries, but the rate of change in their size is constrained so that 
truncation errors are minimized (Trescott and others, 1976, p. 30).

Boundary Conditions

Boundary conditions for this model consist of specified-head and 
specified-flow nodes, as shown on figure 21. The deep aquifer crops out along 
much of the southern boundary of the model area immediately north of the Missouri 
River in southern Boone, Call away, and Montgomery Counties (see fig. 4). A 
potentiometric surface map of historic water levels (see fig. 15) and a map of 
the more recent water levels of the aquifer (see fig. 17) indicate ground-water 
flow is virtually perpendicular to the Missouri River along this reach. 
Hydraulic-head data south of the Missouri River show that ground-water flow in 
the deep aquifer is northward toward the river. Thus where the Missouri River
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penetrates the aquifer, the river valley is a ground-water valley as well as a 
surface-water valley, and ground water does not flow under the river. Two 
possible approaches to treating this southern boundary are: (1) Use a leakage 
variable that simulates the impedance encountered by water flowing through the 
intervening units from the deep aquifer to the Missouri River, or (2) use a 
specified-head condition based on the average stage of the Missouri River at 
each boundary node. A regional model of the deep aquifer in northeastern 
Missouri (Imes, 1984) tested the validity of assigning specified-head values 
to this aquifer along the Missouri River. The difference between assigning 
specified-heads and using leakage was determined to be insignificant; therefore 
a constant-head boundary is assumed to be valid for this model. In this model 
the specified-head boundary of the Missouri River is sufficiently distant from 
Audrain County that boundary conditions at the south edge of the model will not 
significantly affect water levels in Audrain County.

The north, west, and east sides of the model are treated as specified-flow 
boundaries. The volumetric flow of ground water into or out of each boundary 
grid cell was calculated by application of Darcy's Law across the boundary of 
active nodes (fig. 22):

= K (b*y> h, -ha (4)
i 

where K is the aquifer hydraulic conductivity (LT );

b is the aquifer thickness at the boundary face (L); 

Ay is the length of cell edge coincident with the model boundary (L); and

Jv^hgis the hydraulic gradient across the model boundary (dimensionless). 
AX

To estimate the boundary flow under predevelopment, steady-state conditions, the 
hydraulic gradient across the model boundary was derived using potentiometric 
head data from the predevelopment potentiometric surface map (see fig. 15). The 
hydraulic conductivity of the aquifer was determined during the steady-state 
calibration of the model. The rate at which ground water in the deep aquifer 
moved out of the model area across the western boundary, based on cell-to-cell 
calculations, was 1.36 cubic feet per second, and across the eastern boundary 
was 0.26 cubic foot per second. At the northern boundary, ground-water flow was 
into the model area at a rate of 0.11 cubic foot per second. Thus accounting 
for discharge to the Missouri River at 9.08 cubic feet per second, the net 
recharge to the deep aquifer in the model area from the shallow aquifer under 
steady-state conditions was 10.59 cubic feet per second.

Specified flows at the model boundaries determined from the steady-state 
calibration procedure were used as the initial boundary conditions in the 
stressed model. However, when pumping stresses are applied to the model, the 
boundary conditions can change with time, especially if significant drawdown 
occurs near the model boundaries. To improve the accuracy of the transient 
potentiometric surface simulations, the boundary-flow data were modified each 
decade as the effect of stresses within the model area migrated to the model 
boundaries.
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DEEP AQUIFER 

HYDRAULIC CONDUCTIVITY = K

EXPLANATION 

K HYDRAULIC CONDUCTIVITY OF DEEP AQUIFER

hj HYDRAULIC HEAD IN THE DEEP AQUIFER AT THE 

ith MODEL NODE (L)

CROSS-SECTIONAL AREA OF THE DEEP AQUIFER AT 

THE BOUNDARY FACE (L2 )

HYDRAULIC GRADIENT AT THE MODEL BOUNDARY 

(DIMENSIONLESS)

Qb VOLUMETRIC FLOW RATE

FIGURE 22. VOLUMETRIC FLOW RATE AT THE MODEL BOUNDARY.
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Specified flows at the boundaries were modified by first determining a set 
of boundary hydraulic-gradient values based on the May 1979 potentiometric-head 
map (see fig. 17). The associated boundary flow at this time was calculated 
using equation 4. Intermediate boundary-flow data were then generated by 
starting with the steady-state boundary conditions and observing the change of 
the near-boundary hydraulic gradients with time as stress was applied to the 
deep aquifer. When the simulated gradient adjacent to the model boundary 
changed from that of the previous period, the boundary condition was modified in 
the next pumping period to more closely resemble the characteristics of the May 
1979 boundary-flow pattern. A set of graphs representing the time-varying 
volumetric flow rates for grid cells along the western boundary of the model are 
shown in figure 23. The lowermost plot represents the steady-state 
predevelopment boundary conditions. The flow rates remained the same during the 
first three pumping periods before the effect of pumping stresses migrated to 
the model boundary. Each higher graph represents a new set of boundary-flow 
conditions for the pumping period and time interval specified beneath the graph. 
The largest change in flow rate with time occurs at row numbers 24, 25, and 26 
adjacent to the area of large ground-water withdrawal around the city of 
Columbia in central Boone County. Positive flow rates indicate ground-water 
flow into the model area.

The specified-flow boundary at the north edge of the model was treated 
similar to the west boundary, but the flow rates do not vary in time as much as 
those near Columbia and the direction of flow remains constant. Modification of 
the northern boundary flow rates from predevelopment values does not begin until 
pumping period 9 (1970) when the expanding cone of depression around Mexico 
reaches the northern boundary. The specified-flow boundary along the eastern 
edge of the model does not vary with time, but remains constant at the 
predevelopment, steady-state flow rates.

The base of the deep aquifer is treated as an impermeable barrier. Leakage 
between the deep aquifer and underlying Lamotte Sandstone probably does occur, 
but there are no potentiometric-head measurements or other data that can be used 
to verify whether leakage occurs or quantify the volume of leakage.

Model Calibration

The ground-water model was calibrated by adjusting hydrologic variables 
until the simulated hydraulic heads and potentiometric surfaces approximated 
measured water levels and potentiometric surfaces mapped from water-level 
measurements. The model was calibrated against the historical prepumping 
potentiometric surface and to selected water levels from wells drilled at the 
early stages of the deep aquifer's development as a ground-water source. The 
calibration was then extended to include simulation of four recent 
potentiometric surface configurations (May 1979, October 1979, May 1980, and 
September 1980) and water-level measurements at 12 wells located in Audrain 
County.

Steady-State

The purpose of the first model calibration was to approximate the 
steady-state potentiometric surface mapped from water levels measured before 
significant quantities of water had been withdrawn from the aquifer. Both the 
hydraulic conductivity of the aquifer (K), and the vertical hydraulic
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conductivity of the confining bed (JC 1 ) were adjusted in this process. A uniform 
hydraulic conductivity of 1.5X10" foot per second was used as the initial 
estimate of this variable in the preliminary model. This value was derived from 
the results of a single-well aquifer test in Audrain County. This initial 
hydraulic conductivity was adjusted until a reasonable representation of the 
predevelopment potentiometric surface was simulated. The calibration was then 
refined to more accurately simulate the potentiometric surface by spatially 
varying the hydraulic conductivity throughout the model. During the 
steady-state calibration, the volumetric flow across each constant-flow boundary 
cell was recalculated before each trial calibration to be consistent with the 
aquifer hydraulic conductivity at the border cell.

The vertical hydraulic conductivity of the upper confining bed was 
calculated from estimates of the individual vertical hydraulic conductivities of 
the shale and limestone confining layers (see figs. 8 and 9) using the series 
relationship:£ -. (i j*y' (5)

^ V T K' /
where K 1 is the effective vertical hydraulic conductivity of the upper

confining bed, (LT~ );

m is the total thickness of the upper confining bed, (L); 

K 1 . is the vertical hydraulic conductivity of the ith confining layer 

(LT" 1 ); and

m. is the thickness of the ith confining layer (L).

The ratio K'/m is defined as the leakage coefficient of the confining bed. The 
vertical hydraulic conductivity of the shale confining layer was originally set 
to 7.7X10 foot per second, a value approximating that published by Walton 
(I960, 1965) for the Maquoketa Shale in Illinois. The relatively impermeable 
Devonian limestones were assumed to be 10 times more permeable than the shale. 
Initially, trial simulations using an aquifer conductivity fixed at 1.5X10" 
foot per second and several different combinations of vertical hydraulic 
conductivity for the confining layers were made until the steady-state 
potentiometric surface was approximated. Thereafter, only the effective 
vertical hydraulic conductivity of the entire confining bed was treated as a 
variable during the model calibration.

To decrease the number of variables and decrease the possibility of rapid 
variations of the variables within small distances, the model was subdivided 
into zones and hydraulic conductivities were treated as single variables 
throughout each zone rather than adjusting their values at each node. Zone 
boundaries generally coincided with the terminus of the shale confining units of 
the upper confining bed (see fjg. 6). T£e final values of aquifer hydraulic 
conductivity ranged from 6X10" to 1X10" foot per second, which are within 
acceptable percentages of the hydraulic conductivity determined from the 
aquifer-test data (1.5X10 foot per second). The effective,vertical hydraulic 
conductivity of the upper confining bed ranged from 1.5X10" to 2.4X10 foot 
per second in the calibrated model.
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Comparison of the simulated and measured steady-state potentiometric 
surface is shown in figure 24. The two surfaces differ by less than 5 feet 
throughout most of Audrain County, increasing to about 20 feet in the extreme 
northeast. The larger differences in the northeastern corner of the county may 
be caused by inaccurate boundary conditions.

The distribution of transmissivity ju the deep aquifer, as determined by 
the model calibration, ranges from 7.1X10~ to 13.1X10" feet squared per second 
(fig. 25). Generally, the transmissivity is smaller in northern Audrain County 
and along a north-south trend in the central part of the county. The areas of 
largest transmissivity occur in the southwest and southeast. The larger 
transmissivity in the southeast is due partly to the increased thickness of the 
aquifer in that region, whereas that in the southwest is related to as increase 
in the aquifer's hydraulic conductivity.

To determine whether the presence of shale in the upper confining layer was 
the dominant factor determining the distribution of leakage, an area! map of the 
volumetric leakage per unit area through the confining layer under 
predevelopment conditions was prepared (fig. 26). Leakage increases from north 
to south across Audrain County, but does not appear to mirror the distribution 
of shale confining layers. The area of maximum leakage is in southwestern 
Audrain County at the edge of the shale confining layers and near the area of 
maximum hydraulic gradient across the confining bed.

Transient

The model was calibrated under transient conditions by stressing the deep 
aquifer at historical pumping rates (fig. 16 and tables 2 and 3) and refining 
model variables until a best match was obtained between simulated and measured 
potentiometric surfaces and water levels during the spring of 1979 (before 
irrigation), fall of 1979 (after the irrigation season), and the spring and fall 
of 1980. In addition to the aquifer hydraulic conductivity and the vertical 
hydraulic conductivity of the upper confining bed, two new variables were 
introduced to the model during the transient calibration: (1) Specific yield 
(Sy), a measure of the storage capacity of unconfined aquifers; and (2) storage 
coefficient (S), a measure of the storage capacity of confined aquifers. 
Variations in specific yield values during calibration primarily affected the 
regional water-level configuration; that is, the general altitude of water 
levels in areas removed from the major pumping centers. This occurs because a 
considerable area along the southern boundary of the model converts from 
confined to unconfined conditions as ground water is pumped from the aquifer. 
The model replaces the deep aquifer's storage coefficient with a specific yield 
at each node where conversion takes place. Variations in storage coefficient 
during the model calibration mostly affected the rate at which cones of 
depression expanded and shrank. This pattern was most apparent in the rate at 
which water levels recovered from irrigation pumpage between irrigation seasons. 
The specific yield and storage coefficient variables used in the transient 
calibration ranged from 0.01 to 0.02, and 0.0001 to 0.0002.

A comparison between the May 1979 simulated and measured potentiometric 
surfaces (fig. 27) shows the surfaces agree within about 25 feet throughout much 
of the model area. The simulated surface approximates the measured cone of 
depression around Mexico and Centralia. The simulation is not as accurate in 
the immediate vicinity of Columbia where the model grid cells are 12 times
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larger than those around Mexico. Although the simulated 575-foot potentiometric 
contour closes around Mexico instead of opening toward the Columbia cone of 
depression, the actual difference between the measured and simulated 
potentiometric surfaces midway between Mexico and Columbia is no more than 10 
feet. In Audrain County the largest discrepancies between the potentiometric 
surfaces occur in the eastern one-quarter of the county where simulated heads 
are greater than measured heads. Water-level measurements made during 1977 and 
1978 in irrigation wells located within this area show some irrigation pumpage 
existed before 1979. There are no records to indicate how many newly drilled 
wells were used during the summers of 1977 and 1978; no data are available to 
incorporate this information into the model. As a result, the model does not 
depict the effect of the early stages of irrigation pumpage in Audrain County. 
The simulated water-level decline in the deep aquifer for May 1979 from the 
prepumping potentiometric configuration is shown in figure 28.

The simulated drawdown in the vicinity of Mexico, before the onset of 
irrigation pumping, is 200 to 225 feet. By comparison, the actual drawdown 
computed from measured water levels shown in figures 15 and 17 is approximately 
225 to 250 feet. The stipled area in figure 28 shows the part of the deep 
aquifer that was unconfined during May 1979 primarily due to pumpage at Columbia 
and Fulton.

Comparisons between simulated and measured water levels in Audrain County 
during October 1979, May 1980, and September 1980 are shown in figures 29, 30 
and 31, respectively. By October 1979, the potentiometric surface had begun to 
recover from drawdown caused by pumpage during the 1979 irrigation season (June 
through August), but still showed considerable drawdown near the concentration 
of irrigation wells in southeastern Audrain County. The water levels continued 
to recover until May 1980, at which time simulated regional water levels in 
Audrain County had risen to within 10 to 15 feet of their levels during May 
1979. By September 1980, a broad cone of depression had again developed around 
the cluster of irrigation wells in southeastern Audrain County. The maximum 
simulated decline in water level during the irrigation period was about 100 feet 
and the maximum-measured drawdown was about 75 feet. In each case, October 
1979, May 1980, and September 1980, the potentiometric surfaces of the 
calibrated model showed general agreement with the measured surfaces, but 
details of the actual potentiometric surfaces are not shown by the model. 
Comparison of simulated and measured potentiometric surfaces for these transient 
calibrations is limited to Audrain County after May 1979 because of the lack of 
measured potentiometric heads in the remainder of the model area.

Reliability and Sensitivity

The accuracy with which measured water levels are simulated by a given 
model is a measure of the accuracy of the hydraulic variables and the 
reliability of the model as a predictor of the effects of future pumpage on the 
aquifer's potentiometric surface. During the calibration of the model, the 
ability of the model to simulate measured water levels at selected well 
locations was improved.

Eight of the water levels used to estimate the potentiometric surface in 
the deep aquifer before extensive development of its ground-water resources (see 
fig. 15) were chosen to compare the accuracy of the model in predicting the 
effect of the early stages of ground-water withdrawal from the deep aquifer.
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The criteria for choosing the wells were that they were the earliest 
measurements available and were located in or near Audrain County. A plot of 
the measured versus simulated hydraulic heads for these wells (fig. 32) shows a 
uniform scatter of data about the line of equal-measured and simulated heads. 
The simulated data are not taken from the modeled steady-state condition, but 
from the transient model at the year the water-level measurements were made. 
Simulated data are available only at 10-year intervals; therefore, data for 
other years are computed by linear interpolation of simulated head values at the 
beginning and end of the appropriate decade. The mean error between the 
simulated and measured data is 8.3 feet and the average percent of error is 
about 1.3 percent.

The sensitivity of a model to variations in a particular hydrologic 
variable can be used to evaluate the reliability of the model-derived variable. 
A 50 percent increase in the hydraulic conductivity of the aquifer from the 
value obtained during the model calibration decreases the simulated steady-state 
water level a maximum of 21 feet in northwest Boone County. In Audrain County 
water levels decline 15 to 20 feet, except in the east where they decline 5 to 
15 feet. Under the steady-state conditions the aquifer hydraulic conductivity 
and confining bed vertical hydraulic conductivity are not independent variables, 
but mathematically occur as a ratio. A 50 percent increase in vertical 
hydraulic conductivity increases the simulated heads by the same magnitude as 
the changes produced by varying the aquifer hydraulic conductivity by 50 
percent. The vertical bars in figure 32 represent the range of water levels 
simulated by the model when the hydraulic conductivity of the deep aquifer is 
increased or decreased by 50 percent. A 50 percent increase in aquifer 
conductivity decreases the simulated water levels to the values at the bottom of 
the bars, and a 50 percent decrease in aquifer conductivity increases simulated 
water levels to the values at the tops of the bars. Neither extreme of the 
vertical bars fit the line that depicts equal simulated and measured heads as 
well as the heads computed from the calibration aquifer conductivity; therefore, 
the ratio of the calibration aquifer conductivity and confining bed vertical 
hydraulic conductivity probably are in error by no more than 50 percent.

Water-level measurements also were chosen as specific calibration points 
from May 1979 to September 1980 when water levels began to fluctuate seasonally 
due to irrigation pumpage. The wells are areally distributed across Audrain 
County to better represent the distribution of water levels in the county. An 
attempt was made to choose wells that were approximately located at the center of 
a model grid cell and that were the only well within a cell. The comparison of 
measured and simulated water levels for these 12 wells for each calibration (fig. 
33, upper graph) again shows a uniform distribution about the line of equal 
simulated and measured water levels. For May 1979, the mean error between the 
measured and simulated heads is 19.5 feet, which represents a 3.5 percent 
average error at these wells. The mean error decreases slightly to 15.4 feet, 
15.4 feet, and 16.4 feet for the October 1979, May 1980, and September 1980 
data, respectively. The mean error in September 1980 corresponds to about 3.0 
percent average error. No attempt was made to simulate any one of the four 
transient calibration times in preference to the others; instead, the 
calibration variables were adjusted for the best average fit to the 
potentiometric surface and measured water levels for all the calibrations.

A graph showing the relative values of simulated and measured drawdown 
during the 1979 and 1980 irrigation seasons (fig. 33, lower graph) shows a bias 
in the distribution of points about the line of equal measured and simulated
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drawdown. The mean error in drawdown is 8.0 feet and 7.8 feet for 1979 and 1980, 
respectively. The average percent errors for the data are 35.8 percent and 30.8 
percent, relatively large compared to the average percentage of error in 
simulated and measured heads. The dashed line represents a better linear fit to 
the data and indicates the error is biased such that simulated drawdowns at 
these wells generally are about 7 feet too large. The error in drawdown 
simulation does not increase from the 1979 to 1980 irrigation seasons.

Model Results and Projections

The ground-water model of the deep aquifer was designed with the constraint 
that no water could pass through the lower confining bed; that is, the base of 
the deep aquifer was impermeable. In the steady-state model this constraint 
means the net volumetric flow of water through the upper confining bed in 
Audrain county must equal the net flow of water across the county boundaries. 
The model-calculated leakage through the upper confining bed in Audrain County 
is 1.0 cubic foot per second, 42 percent of the quantity calculated from 
estimates of shale and limestone leakage coefficients and aquifer hydraulic 
conductivity (see "Estimate of Recharge, Discharge, and Lateral Flow of Ground 
Water Under Predevelopment Conditions"). Net flow across the county boundary 
through the deep aquifer also was calculated to be 1.0 cubic foot per second (50 
percent of the estimated flow).

By May 1979, before extensive irrigation, Audrain County had changed from a 
net exporter to a net importer of ground water. Net leakage to the deep aquifer 
through the upper confining bed increased to 2.6 cubic feet per second as 
ground-water pumpage from the deep aquifer lowered water levels and 
simultaneously increased the hydraulic gradient across the confining bed. Net 
flow crossing the county boundary through the deep aquifer during May 1979 is 
0.7 cubic foot per second into the county. Therefore, pumpage since the turn of 
the century has altered the ground-water flow system in the deep aquifer such 
that ground water now flows into Audrain County rather than flowing from Audrain 
County to neighboring counties.

The calibrated model was used to simulate the long-range effects of 
irrigation ground-water withdrawal on water levels in the deep aquifer in 
Audrain County. Two projections were made: (1) Assuming continued 
public-supply and irrigation pumpage at the 1980 rate; and (2) assuming only 
public-supply pumpage. Both conditions were simulated to May 2000, and in both 
situations the regional water levels began stabilizing by 1990. A map depicting 
the simulated water-level changes in the deep aquifer from June 1979 thru May 
2000 due to combined public-supply and irrigation pumping is shown in figure 34. 
By May 2000, water levels in central Audrain County will have declined by about 
60±20 feet from May 1979 water levels. The uncertainty in this decline is 
derived from the estimated 30 to 35 percent error in simulated drawdown 
calculated using 1979 and 1980 simulated and measured irrigation drawdown. The 
region of maximum decline will be located around Mexico. Long-term trends in 
the regional water level can be clearly distinguished from the periodic seasonal 
fluctuations caused by irrigation pumpage (fig. 35). East of Mexico the water 
levels will annually rise and fall by about 23±8 feet due to the seasonal 
irrigation pumpage. Generally, the regional potentiometric surface in central 
Audrain County will decline at a rate of 0.7 foot per year from 1990 to 2000.
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In the absence of irrigation wells, the area of greatest water-level 
declines from June 1979 thru May 2000 will not be located in central Audrain 
County but will be at the west boundary (fig. 36). The rate of decline of 
simulated water levels near Mexico had already decreased considerably by 1979 
and the additional decrease without irrigation pumpage would be only about 20 
feet during the next 20 years. Water levels in central Audrain County would 
remain 20 to 60 feet higher without the additional stress imposed by the 
irrigation pumpage. Much of the water-level decline in Audrain County under 
these assumptions results from continued drawdown at Centralia near the western 
edge of the county.

CHEMICAL QUALITY OF GROUND WATER IN THE DEEP AQUIFER

The chemical quality of ground water tends to remain more stable than 
surface water; however, ground water in Missouri usually has a greater 
concentration of dissolved solids than surface water, because it is in contact 
with the rocks and soil longer than surface water. Natural waters always 
contain dissolved solids in varying concentrations. Examples of the wide range 
of concentrations of dissolved solids in water are shown in table 4 (modified 
from Swenson and Baldwin, 1965). The concentration of dissolved solids in 
ground water is determined by the concentration in the influent water and the 
chemical composition of the rocks through which the water moves. The 
concentration of chemical species in ground water also is dependent on the 
length of time the water remains in contact with the rocks, a function of the 
rock permeability, the hydraulic gradient, and the length of the ground-water 
flow path from the recharge area to the point of discharge.

The U.S. Geological Survey classifies freshwater as containing less than 
1,000 milligrams per liter of dissolved solids. The classification of saline 
water is shown in table 5 (Robinove and others, 1958). A generalized 
description of the distribution of freshwater and saline water in the 
Cambrian-Ordovician rocks of Missouri is shown in figure 1. Water from the deep 
aquifer north and west of the Audrain County area generally has a 
dissolved-solids concentration between 1,000 and 10,000 milligrams per liter, 
but some samples have concentrations of more than 40,000 milligrams per liter 
(Imes, 1984; and Fuller and others, 1967). Most of the water having a large 
dissolved-solids concentration is a sodium chloride type. Water from rocks of 
the deep aquifer south of the 1,000-milligram-per-liter line in northern 
Missouri (fig. 1) generally is a calcium magnesium bicarbonate type. Between 
these two types of water is a transition zone where the water contains various 
mixtures of sodium, calcium, magnesium, bicarbonate, chloride, and sulfate.

As part of this investigation, samples of water from the deep aquifer were 
analyzed to determine the chemical quality of the water and to evaluate its 
suitability for domestic and irrigation use. Location of wells sampled and the 
types of water from selected wells that are completed in the deep aquifer are 
shown in figure 37. Results of the analyses are given in table 6, and sources 
and significance of most dissolved-mineral constituents are given in table 7.

Of the 26 samples analyzed for this study, 9 (about 35 percent) exceed the 
recommended limit for drinking water of 500 milligrams per liter 
dissolved-solids concentration (U.S. Environmental Protection Agency, 1976). 
However, in areas of the United States where less mineralized water is not 
available, water containing more than 1,000 milligrams per liter of dissolved 
solids has been used for drinking without obvious detrimental effects on public 
health (Hem, 1970, p. 323).



Table 4.--Examples of the dissolved-solids concentration in natural waters 

[Modified from Swenson and Baldwin, 1965]

Dissolved-solids concentration, 
Source of water in milligrams per liter

Rain                                    10

Missouri River                              360

Ocean                                    35,000

Brine well                                  125,000

Dead Sea                                  250,000
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Table 5. Classification of water by dissolved-sol ids concentration

Dissolved-solids concentration, 
Classification in milligrams per liter

Slightly saline                      1,000 to 3,000

Moderately saline                    3,000 to 10,000

Very saline                         10,000 to 35,000

Brine                             More than 35,000
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Table 7.  Major doenriol constituents sources, coftcentrttioiis, and effects en usability

milligrams per liter]

Constituents , Cow&fifcnation in 
and properties Major sources ftartmral miter*

Feldspars, ferromagne- Generally ra*§es fro* 
si an and clay minerals. 1.0 to M; although 
a«orphous silicachert, as Mud* as 100 Is 
opal. fairly COMBMI; as 

Silica Much as 4.000 Is 
(Si02 ) found in brines.

Concentration in water 
from deep aquifer 2 Drinking 

Effect upon , in Audrain County area water
usability of water Maximum Minfww Median standards

In the presence of 
calcium and magnesium, 
silica forms a scale 
in boilers and on 
steam turbines that 
retards heat; the 9.6 8.4 8.9 
scale is difficult to 
remove. Silica may 
be added to soft 
water to inhibit cor- 
corosion of iron pipes.

1. Natural sources: 
Igneous rocks: 
Amphiboles, ferro- 
magnesian micas, 
ferrous sulfide 
(FeS), ferric sul 
fide or iron pyrite 
(FeS9 ), magnetite 
(Fe 264 ).

Sandstone rocks: 
Oxides, carbon 
ates, and sul-

Iron fides of iron 
(Fe) clay minerals.

2. Manmade sources:
Well casing, piping, 

pump parts, storage 
tanks, and other 
objects of cast 
iron and steel 
which may be in 
contact with the 
water. 

Industrial Wastes.

Generally less than 
0.50 in fully aerated 
ground water having a 
pH less than 8.0 may 
contain 10; rarely as 
ouch as 50 may occur. 
Acid water from thermal 
spring, mine wastes, 
and industrial wastes 
may contain more than 
6,000.

More than 0.1 preci 
pitates after exposure 
to air; causes turbidity, 
stains plumbing fixtures, 
laundry and cooking uten 
sils, and imparts objec 
tionable tastes and colors 
to foods and drinks. More 
than 0.2 is objectionable 
for most industrial uses.

0.79 0.08 0.12 0.3J

Manganese 
(Mn)

Calcium 
(Ca)

Magnesium 
(Mg)

Sodium 
(Na)

Potassium 
(K)

Managanese in natural 
water probably comes 
most often from soils 
and sediments. Meta- 
morphic and sedimen 
tary rocks and mica 
biotite and amphibole 
hornblende minerals 
contain large quant- 
tities of manganese.

Amphiboles, feldspars, 
gypsum, pyroxenes, 
aragonite, calcite, 
dolomite, clay 
minerals.

Amphiboles, olivine, 
pyroxenes, dolomite, 
magnesite, clay 
minerals.

Feldspars (albite); 
clay minerals; eva- 
porites. such as 
halite (NaCl) and 
mirabilite 
(Na ?SO.-10H?0); 
Industrial wastes.

Feldspars (orthoclase 
and microcline), 
feldspathoids, some

Generally 0.20 or less. 
Ground water and acid 
mine water may contain 
more than 10. Reser 
voir water that has 
"turned over" may con 
tain more than 150.

As Much as 600 in some 
western streaais; brines 
May contain as Much as 
75,000.

As much a>s several hund 
red i>n SWMC western 
streams; ocean water 
cantatas More tton 
1 ,000 *nd ferities May 
contain *s Much as 
57,000.

As much as 1.000 in 
some western streams; 
about 10.000 In sea 
water; about 25,000 
in brines.

Generally less ttew 
about 10, as MBC*I as 
100 in hot springs;

More than 0.2 precipitates 
upon oxidation; causes un 
desirable tastes, deposits 
on foods during cooking, 
stains plumbing fixtures , 
and laundry, and fosters 0.02 0 0 0.05 
growths in resevoirs, 
filters, and distribu 
tion systems. Most 
Industrial users object 
to water containing more 
more than 0.2.

Calcium and magnesium com 
bine with bicarbonate, 
carbonate, sulfate, 86 57 67 
and si 1 tea to form heat- 
retarding, piipe-clogging 
scale in boilers and in
other heat-exchange equip 
ment. Calcium and magne 
sium combine with ions of 
fatty acid in soaps to 
form soap suds; the 
more calcium and magne 
sium, the more soap 38 28 31 
required to form suds. 
A high concentration of 
magnesium has a laxative 
effect, especially on 
new users of the supply.

More than 50 sodium and 
potassium in the presence 
of suspended matter causes 
foaming, which accelerates 150 21 110 
scale formation and cor 
rosion in boilers. Sodium 
and potassium carbonate 
in recirculating cooling
water can cause deterior 
ation of wood in cooling 
towers. 

15 4.0 11
micas, clay minerals as much as 25,000 in 

brines.
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Table 7. Major chemical constituents In water their sources, genc-entr^tions, aod :e^fff«cts on usability continued

Constituents , 
and properties Major sources

Carbonate
(co2 )

Bicarbonate 
(HC03 )

Sulfate
(so4 )

Chloride 
(CD

Fluoride 
(F)

Nitrate 
(IW3 ) -

Dissolved 
solids

Limestone, dolomite

Oxidation of sulflde 
ores; gypsum; anhydrite; 
industrial wastes.

Chief source is 
sedimentary rock 
(evaporites); minor 
sources are igneous 
rocks.

Amphi boles (hornblende), 
apatite, fluorlte, 
mica.

Atmosphere; legumes, 
plant debris, animal 
excrement, nitrogenous 
fertilizer in soil and 
and sewage.

The mineral constituents 
dissolved in water 
constitute the dissolved 
solids.

Concentration in 
natural water

Commonly 0 in surface 
water; commonly less 
than 10 in ground water. 
Water high in sodium 
 ay contain as «uch as 
50 of carbonate.

Commonly less than 500; 
may exceed 1,000 In 
water highly charged 
with carbon dioxide.

Commonly less than 
1,000 except 1n 
streams and wells 
Influenced by add 
 ine drainage. As 
much as 200,000 In 
some brines.

Commonly less than 10 in 
humid regions. About 
19,300 in sea water; 
and as much as 200,000 
in brines.

Concentrations gener 
ally do not exceed 10 
in ground water or 1.0 
1n surface water. 
Concentrations may be 
as much as 1,600 in 
brines.

In surface water not 
subjected to pollution, 
concentration of nitrate 
may be as much as 5.0 
but is commonly less 
than 1.0. In ground 
water the concentration 
of nitrate may be as 
much as 1 ,000.

Surface water commonly 
contains less than 
3,000 streams draining 
salt beds in arid re 
gions may contain in 
excess 15,000. Ground 
water commonly contains 
less than 5,000; some 
brines contain as much 
as 300,000.

Concentration In water 
from deep aquifer ~ 

Effect upon 1 In Audrain County area
usability of water Maximum Minimum Median

Upon hearting., bicanbonafte 
Its changed into steam, 
carbon dH-ox-wte, and 000 
carbonate. Carbonate 
combines with alkaline 
earths principally 
calcium and  agnesiun--
to form a crust! Ike scale 
of calcium carbonate that 
retards flow of heat 
through pipe walls and 
restricts flow of fluids 
in pipes. Water contain- 470 390 420 
ing large quantities of   
bicarbonate and alkalinity 
are undesirable In many 
industries.

Sulfate combines with 
calcium to form an 
adherent, heat-retard 
ing scale. More than 
250 Is objectionable 
in water In some 170 29 100 
industries. Water 
containing about 500 
of sulfate tastes 
bitter; water containing 
about 1 ,000 may be 
cathartic.

Chloride in excess of 100 
imparts a salty taste. 
Concentrations greatly 1n 
excess of 100 may cause 
physiological damage. 
Food processing Industries 150 5.1 67 
usually require less than 
250. Some Industries ~ 
textile processing, paper 
manufacturing, and synthetic 
rubber manufacturing   
desire less than 100.

Fluoride concentration 
between 0.6 and 1.7 In 
drinking water has a 
beneficial effect on the 
structure and resistance 
to decay of children's 
teeth. Fluoride in excess 27 0.9 1.8 
of 1.5 in some areas 
causes "mottled enamel" 
in children's teeth. 
Fluoride in excess 6.0 
causes pronounced mottling 
and disfiguration of 
teeth.

Water containing large 
quantities of nitrate 
(more than 100) is 
bitter tasting and may 
cause physiological dis 
tress. Water from shallow 0.01 0.0 0.0 
wells containing more 
than 45 has been reported 
to cause methemogloblnemla 
in infants. Small amounts 
of nitrate help reduce 
cracking of high-pressure 
boiler steel.

More than 500 1s undesir 
able for drinking and 
many industrial uses. 
Less than 300 is desir 
able for dyeing of 
textiles and the manu 
facture of plastics, 763 357 643 
pulp paper, rayon. 
Dissolved solids cause 
foaming 1n steam boilers; 
the maximum permissible 
content decreases with 
increases in operating 
pressure.

Drinking 
water 

standards

2503

2503

0.8-1. 7 4

454

5003

'Modified from Oufor and Becker, 1964. 
2 Based on analyses from 15 irrigation wells, see table 2.
U.S. Environmental Protection Agency, 1977. 
U.S. Environmental Protection Agency, 1976.
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The concentration and type of chemical species in water are important 
factors that determine its usefulness for irrigation (Hem, 1970, p. 325). An 
extensively used method to evaluate the usefulness of water for irrigation has 
been devised by the U.S. Salinity Laboratory Staff (1954). This method of 
classifying irrigation water uses a diagram (fig. 38) on which the 
sodium-adsorption ratio (SAR) and specific conductance value of the water are 
plotted. The interpretation of the diagram by the U.S. Salinity Laboratory 
Staff (1954) is as follows:

Low-salinity hazard (Cl). Water can be used for irrigation with most crops 
on most soils with little likelihood that soil salinity will develop. Some 
leaching is required, but this occurs under normal irrigation practices except 
in soils of extremely low permeability.

Medium-salinity hazard (C2).--Water can be used if a moderate amount of 
leaching occurs. Plants with moderate salt tolerance can be grown in most cases 
without special practices for salinity control.

High-salinity hazard (C3).--Water cannot be used on soils with restricted 
drainage. Even with adequate drainage, special management for salinity control 
may be required and plants with good salt tolerance should be selected.

Very high-salinity hazard (C4).--Water is not suitable for irrigation under 
ordinary conditions, but may be used occasionally under very special 
circumstances. The soils must be permeable, drainage must be adequate, 
irrigation water must be applied in excess to provide considerable leaching, and 
very salt-tolerant crops should be selected.

The classification of irrigation waters with respect to SAR is based 
primarily on the effect of exchangeable sodium on the physical condition of the 
soil. Sodium-sensitive plants may, however, suffer injury as a result of 
sodium accumulation in plant tissues even when exchangeable sodium values are 
lower than those that can cause deterioration of the physical condition of the 
soi 1.

Low-sodium hazard (SI). Water can be used for irrigation on almost all 
soils with little danger of the development of harmful levels of exchangeable 
sodium. However, sodium-sensitive crops, such as stone-fruit trees and avacados, 
may accumulate injurious concentrations of sodium.

Medium-sodium hazard (S2).--Water will present an appreciable sodium hazard 
in fine-textured soils having high cation-exchange capacity, especially under 
low-leaching conditions, unless gypsum is present in the soil. This water may 
be used on coarse-textured or organic soils with good permeability.

High-sodium hazard (S3).--Water may produce harmful levels of exchangeable 
sodium in most soils and will require special soil management good drainage, 
high leaching, and organic matter additions. Gypsiferous soils may not develop 
harmful levels of exchangeable sodium from such waters. Chemical amendments may 
be required for replacement of exchangeable sodium, except that amendments may 
not be feasible with waters of very high salinity.
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Very high-sodium hazard (S4). Water generally is unsatisfactory for 
irrigation purposes except at low and perhaps medium salinity, where the 
solution of calcium from the soil or use of gypsum or other amendments may make 
the use of these waters feasible.

Based on chemical analyses of water from the 15 irrigation wells (table 6), 
ground water from the deep aquifer in Audrain County has a medium- to 
high-salinity hazard and a low-sodium hazard for irrigation (fig. 38). Of the 
water-sample analyses, 13 (or 87 percent) are in the C3-S1 classification of 
irrigation water.

Blancher (1977, p. 5) has suggested a maximum SAR (sodium-adsorption ratio) 
of 5 as an upper limit for water used for continuous irrigation in Missouri. He 
further states that "***if the soils are flushed by percolating water and gypsum 
or lime added to displace excess sodium, a larger SAR may be acceptable." All 
the irrigation-water samples have a SAR less than 5.

Boron, if present in water in concentrations greater than needed for plant 
nutrition, may be toxic to some plants. A rating table was developed by the 
Salinity Laboratory Staff (1954) that indicates the permissible boron 
concentrations in irrigation water for three classes of plants (table 8).

The largest boron concentration reported in table 6 is 1,500 micrograms per 
liter, or 1.5 milligrams per liter. Field crops grown in Missouri that may be 
irrigated, such as corn and milo, are semi tolerant to boron, according to the 
U.S. Salinity Laboratory Staff (1954). Consequently, the analyses of water 
from the 15 irrigation wells would all rate good to permissible with respect to 
boron if applied to semi tolerant crops.

SUMMARY AND CONCLUSIONS

Two aquifers are the main source of ground water in Audrain County. The 
shallow aquifer, a limestone of Mississippian age with well-developed solution 
channels, generally yields less than 15 gallons per minute. Domestic wells are 
completed in these rocks. The deep aquifer is a sequence of Cambrian and 
Ordovician formations primarily composed of dolomite with minor beds of 
sandstone. In Audrain County the average thickness of this aquifer is about 
1,300 feet. Public-supply and irrigation wells are completed in the deep 
aquifer and constructed so that they are open to most of the aquifer. Yields of 
500 to 1,000 gallons per minute can be attained from these wells. Smaller 
yielding (10 to 20 gallons per minute) domestic- and stock-supply wells are 
completed in the upper part of the deep aquifer.

Recharge to the shallow aquifer in Audrain County is by leakage through the 
overlying Pennsylvanian formations or glacial drift. The presence and location 
of ground-water divides in the shallow aquifer probably are affected by 
topographic relief and the relative thickness of the overburden. Lateral flow 
in this aquifer is to the southwest in the western part of the county, to the 
north in the central region, and to the southeast in the eastern part of the 
county. Ground water in the aquifer is constantly replenished from 
precipitation and saline water is prevented from entering the area by the
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hydraulic gradient. The deep and shallow aquifers are separated by shale and 
limestone confining layers. Lower Mississippian and Upper Devonian shales are 
the principal confining beds in all but the central and southeastern part of 
Audrain County where Middle Devonian limestones are a less effective confining 
bed.

The deep aquifer is recharged by leakage through the confining layers. 
Historically, a ground-water divide in the deep aquifer passing north and south 
through west Audrain County caused part of the recharge to flow to the east and 
part to the west. The ground-water divide has, for the most part, kept saline 
water from entering Audrain County.

Immediately underlying the deep aquifer is the Davis Formation, a 
relatively impermeable formation that separates the deep aquifer from the 
Bonneterre Formation and Lamotte Sandstone. No producing wells in the Audrain 
County area are completed in these formations. Consequently, nothing is known 
about the hydraulic-head relationship with the overlying deep aquifer or the 
chemical quality of water in these formations.

North and west of Audrain County the water in the deep aquifer has a 
dissolved-solids concentration that generally ranges from 1,000 to 10,000 
milligrams per liter. The more highly mineralized water is a sodium chloride 
type and is not used. The dissolved-solids concentrations of the water 
decreases toward the south and ranges from 400 to 1,200 milligrams per liter, 
but generally is less than 650 milligrams per liter in Audrain County. The 
water generally is a calcium magnesium bicarbonate type. Because of a lack of 
wells in the transition zone, it is difficult to determine an accurate boundary 
between the saline and freshwater areas.

Until recently, the city of Mexico has been the largest user of water from 
the deep aquifer in Audrain County. Pumpage from deep wells during the past 80 
years has altered the potentiometric surface of the deep aquifer. Water levels 
in the vicinity of Mexico had declined as much as 200 feet below their 
predevelopment levels by May 1979. Since the summer of 1979, large quantitites 
of water have been withdrawn from the deep aquifer for irrigation purposes. 
These and future additional withdrawals can cause the potentiometric heads to 
decline from 40 to 80 feet in central Audrain County during the next 10 to 20 
years. The additional decline would only be about 10 to 25 feet in the absence 
of irrigation pumpage. The deep aquifer is capable of supplying the water 
needed to continue irrigation at the present rate of withdrawal.

The large decline in the potentiometric surface of the deep aquifer in 
central Audrain County creates a potential for saltwater encroachment into 
former freshwater areas. The movement of saline water could occur laterally or 
vertically. The average rate of flow of saline water through the deep aquifer 
from the north into Audrain County has been estimated at 5 to 15 feet per year 
(Imes, 1984). Increasing salinity is more likely to occur in wells that are 
close to the poorly defined freshwater-saltwater boundary in the northeast and 
northwest parts of Audrain County, are open to the more permeable formations of 
the deep aquifer, and are operated at large pumping rates. Vertical 
encroachment of saltwater could come from the underlying Bonneterre Formation 
and Lamotte Sandstone. The potential for vertical encroachment from deeper 
formations cannot be evaluated because of the lack of hydraulic-head and 
water-quality data from these formations in this area.
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Measurements of water quality, volume pumped, and water levels in selected 
large-capacity wells before and after each irrigation season would help in 
detecting any changes in water quality due to saltwater encroachment.
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GLOSSARY

Acre-foot - The volume of water required to cover 1 acre to a depth of 1 foot: 
1 acre-foot=43,560 feet, or 325,851 gallons.

Anticline - An upfold or arch of rock strata, the core of which contains the 
older rocks; it is convex upward.

Aquifer - A formation, group of formations or part of a formation that contains 
sufficient saturated permeable material to yield significant quantities of 
water to wells and springs.

Confining bed - A body of relatively impermeable material stratigraphically 
adjacent to one or more aquifers.

Hydraulic conductivity - The volume of water at the existing kinematic viscosity 
that will move in unit time under a unit hydraulic gradient through a unit 
area measured at right angles to the direction of flow.

Hydraulic gradient - The change in static head per unit of distance in a given 
direction. The direction is that of the maximum rate of decrease in head.

Permeability - A measure of the relative ease with which a porous medium can 
transmit a liquid under a potential gradient.

Potentiometric surface - A surface which represents the static head. As related 
to an aquifer, it is defined by the levels to which water will rise in 
tightly cased wells.

Recharge - The addition of water to the zone of saturation. Infiltration and
percolation from land surface to the zone of saturation is a form of natural 
recharge.

Sodium-adsorption ratio (SAR):

Y g ^
+ +2 +2 where Na , Ca , and Mg are the sodium, calcium, and magensium ion

concentrations expressed in milliequivalents per liter.

Specific capacity - The volumetric discharge of water from a well per unit of 
drawdown. If a well yields 500 gallons per minute, and has a drawdown of 
100 feet, its specific capacity is 500/100 or 5 gallons per minute per foot 
of drawdown.

Specific conductance - A measure of the ability of water to conduct an
electrical current at 25° Celsius. Specific conductance varies with the 
quantities of dissolved mineral constituents and with the degree of 
ionization of the constituents. It is useful in indicating the approximate 
concentration of mineral matter in water.
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Specific yield - The ratio of the volume of water which the rock, after being 
saturated, will yield by gravity to the volume of the rock.

Storage coefficient - The volume of water an aquifer releases from or takes into 
storage per unit surface area of the aquifer per unit change in head.

Transmissivity - The rate at which water of the prevailing kinematic viscosity 
is transmitted through a unit width of the aquifer under a unit hydraulic 
gradient.

Water table - That surface in an unconfined water body at which the pressure is 
atmospheric.
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Figure 6.  Major structural features of Auatain County and vicinity.
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